Background
==========

The high-performance nonvolatile memory is greatly demanded in modern information technology. Resistive random access memory (RRAM) is a promising candidate among the emerging nonvolatile memory technologies \[[@B1]-[@B3]\]. Compared with magnetic random access memory (MRAM), the important attributes of RRAM were capacitor-like cell structure, ultrafast operating speeds, high scalability, and low power consumption, which allowed it to have more superiorities in application. There have been active researches on the scaling of resistive switching (RS) memory devices. At first, RS effect has been widely investigated in numerous binary transition oxides such as ZnO, TiO~2~, and NiO \[[@B4]-[@B6]\]. Recently, various ferrites (NiFe~2~O~4~, CoFe~2~O~4~) \[[@B7]-[@B9]\] and multiferroic materials (BiFeO~3~) \[[@B10],[@B11]\] are both found to exhibit RS behavior. Cobalt ferrite, due to its rich and unique magnetic and electronic behaviors such as magneto-optic effect and magnetoelectric effect \[[@B12]\], is extensively investigated. Meanwhile, it has been considered as an important component in multilayers or composites for multiferroic research and application \[[@B13]\]. However, the previous studies of RS behaviors are mainly focused on thin film structures, and the underlying physical origin of the RS effect is still a controversial issue. Thus, it is of significant importance to explore new RS structures and elucidate the RS physical mechanism.

Notably, lower dimension is beneficial to illustrate the nature of material, and ordered arrays of isolated nanostructures are of considerable to elucidate the RS physical mechanism. Typically, various lithographic techniques have been used to fabricate regular arrays of nanostructures, such as electron-beam lithography and focused ion beam technology, \[[@B14]-[@B16]\] but high production cost and long processing time are needed. Relatively, nanoporous anodized aluminum oxide (AAO) have been widely used as the mask for the fabrication of uniform nanoscale patterns because nanoscale materials/devices can be easily synthesized through electro-deposition or physical vapor deposition \[[@B17],[@B18]\].

In this paper, we demonstrate a novel conductive process for resistive random access memory cells based on nanoporous AAO filled with CoFe nanowires and covered by a layer of CoFe~2~O~4~ film. The magnetic properties of samples (before and after the annealing process) are characterized. Bipolar resistive switching characteristic is clearly observed in our sample. On the basis of conductive filament model, possible generation mechanisms for the resistive switching behaviors are discussed intensively.

Methods
=======

Nanoporous AAO template is fabricated by a two-steps oxidization process \[[@B19]\]. An ordered porous alumina layer containing straight, parallel pores with an average diameter of 50 nm is prepared. The electrodeposition of the FeCo alloy nanowire arrays and films is performed by using a standard double electrode bath. The AAO template is used as one electrode, and the graphite is used as another. The electrolyte contains FeSO~4~ · 7H~2~O (30 g/l), CoSO~4~ · 7H~2~O (17.9 g/l), and H~3~BO~4~ (10 g/l). The pH value of the electrolyte is maintained at about 3.0, and the AC electrodepositions are conducted at 200 Hz and 15 V for 1 h. Due to deposition after long time, CoFe alloy film is formed at AAO surface and connected with nanowires. Then, the sample is annealed in the air, which induces a spinel oxide layer CoFe~2~O~4~ (cobalt ferrite (CFO)) at the surface. Au dots are sputtered on the top of CoFe~2~O~4~ as electrodes by magnetron sputtering using mask at room temperature. Cu wires are connected to the electrodes by adhesive tape. The as-synthesized samples were characterized by X-ray diffractometer (XRD; X\' Pert PRO PHILIPS with Cu Kα radiation, *λ* =1.54056 Å). The morphologies of the samples were characterized by scanning electron microscopy (SEM; Hitachi S4800, Hitachi, Ltd., Chiyoda-ku, Japan). Magnetic properties of the samples at room temperature (RT) were measured by using the vibrating sample magnetometer (MicroSense VSM EV9, MicroSense, Massachusetts, USA). The electrical properties of CFO thin films were tested in the air using a Keithley 2400 source measurement unit (Keithley 2400, Keithley Instruments Inc., Cleveland, USA). All of the tests were obtained at room temperature.

Results and discussion
======================

Figure  [1](#F1){ref-type="fig"}a shows X-ray diffraction (XRD) pattern of the sample before annealing and indicates that pure CoFe~2~ alloy phase is detected. After annealing at 500 °C in the air, the surface and parts of nanowire CoFe~2~ are oxidized to spinel phase CoFe~2~O~4~, as shown in Figure  [1](#F1){ref-type="fig"}b. Figure  [1](#F1){ref-type="fig"}c,d displays the SEM images of CoFe~2~-filled AAO membrane in top-views and cross-sectional views, respectively. It becomes clear that the membranes are continuous embedded nanowires in the pores, and a layer of thin film is formed on the surface of AAO template. The diameters of the nanowires are about 50 nm. Moreover, SEM images indicated the connection between nanowires and film.

![**The XRD pattern of sample before and after annealing and SEM images. (a,b)** the XRD pattern of sample before and after annealing and SEM images of sample in **(c)** top-views and **(d)** cross-sectional views.](1556-276X-9-584-1){#F1}

The *M*-*H* curves at RT for the samples before and after annealing are presented in Figure  [2](#F2){ref-type="fig"}. The black and red lines in the figures represent hysteresis loops with external magnetic field parallel and perpendicular, respectively. Along the direction of nanowire axis, obvious shape anisotropy was displayed. Compared with pure CoFe film, the coercive fields are distinctly enhanced after annealing. This is attributed to pinning effect due to oxide of nanowires surface. Note that the decrease of remnant magnetization along perpendicular to nanowire axis after annealing was compared with that of before annealing, which resulted from oxide of CoFe alloy.

![**Magnetic hysteresis loops of the sample before and after annealing. (a,b)** Magnetic hysteresis loops of the sample within AAO measured with the applied field parallel and perpendicular to the axis of the nanowires at room temperature before and after annealing, respectively.](1556-276X-9-584-2){#F2}

The current-voltage (*I*-*V*) cycle of the sample after annealing is plotted in Figure  [3](#F3){ref-type="fig"}a. The bias voltage is swept as 0 V → 6 V → 0 V → -4 V → 0 V, the bipolar RS characteristics are obtained. As the positive voltage increased at around 2.5 V, the current increased suddenly, which indicated that the cell switched from high-resistance states (HRS) to low-resistance states (LRS), it has been defined as set process. When the negative voltage was applied on the device, the switching from LRS to HRS was occurred at about -1.5 V (defined as reset process). The schematic diagram of the structure was displayed in Figure  [4](#F4){ref-type="fig"}a, Au top electrodes with diameter of 0.1 mm were deposited on the films, and the bottom of the sample is Al substrate. The positive voltage is defined as form top to bottom. Figure  [3](#F3){ref-type="fig"}b depicts the *I*-*V* curve in semi-log scale for repeat measurements, good repeatability is exhibited. To investigate the stability of RS behaviors, the resistances changing with pulse numbers are displayed in Figure  [3](#F3){ref-type="fig"}c, the stable variation is also presented.

![**The characteristics of sample and the*I*-*V*curve (a) the*I-V*characteristics of sample, the*I*-*V*curve in (b) semi-log scale and (d) double-log scale, and (c) the resistances versus pulse voltage in semi-log scale.**](1556-276X-9-584-3){#F3}

![**The schematic illustration of sample and the scheme of operation of a memory cell. (a)** the schematic illustration of sample and **(b)** the scheme of operation of a memory cell based on conductive filament model.](1556-276X-9-584-4){#F4}

In order to get further insight into the underlying mechanism on RS behavior, the double-log plots of *I-V* curves are studied in Figure  [3](#F3){ref-type="fig"}d, which come from positive parts of Figure  [3](#F3){ref-type="fig"}a. At low voltage, the *I-V* characteristics of the positive bias in both HRS and LRS present a linearly Ohmic behavior with a slope of 1 (*I* ∝ *V*). Then, there is a steep current increase region with the increase of voltage in LRS, a slope of about 2.6 is observed, which is corresponding to the trap-controlled space charge limited current (SCLC) model \[[@B20]\].

Since the unique structure of sample, current conduction is separated along each nanowire branch after flowing across the CoFe~2~O~4~ film, which eventually realizes RS behavior on nanoscale. On the basis of the aforementioned experimental results, the conductive filament models are applicative in our samples. The sketches of formation and rupture of oxygen vacancies (OVs) in Au/CoFe~2~O~4~/CoFe~2~ memory devices can be depicted in Figure  [4](#F4){ref-type="fig"}b. When applied a positive voltage, the ionized OVs migrate towards the cathode and accumulate at CoFe~2~O~4~/CoFe~2~ interface, these OVs capture the electrons injected from the cathode, and cause the Fe^3+^ in the oxygen-deficient region reduced to Fe^2+^. The Fe^2+^ and the OVs can form a nonstoichiometric and highly conducting phase \[[@B21]\]. This highly conducting phase starts to create at the cathode and extends to the anode. Then, with the increase of voltage, a metallically conductive path is built, and the memory cell is switched to LRS, as displayed in Figure  [4](#F4){ref-type="fig"}b II. The state is kept until a sufficient opposite voltage is applied. The negative bias can release the electrons from the neutral OVs, then the conductive filaments are dissolved, and the memory cell is switched to HRS as shown in Figure  [4](#F4){ref-type="fig"}b III.

Conclusions
===========

In summary, a novel conductive process for resistive random access memory cells is investigated based on nanoporous anodized aluminum oxide template, which eventually realizes RS behavior on nanoscale. Stable and repeatable RS behavior is clearly observed. On the basis of conductive filament model, possible generation mechanisms for the resistive switching behaviors are discussed intensively. The present results provide a new perspective to comprehend the underlying physical origin of the resistive switching effect.
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